The left ventricular free wall (LVFW) grew approximately three times faster than the right ventricular free wall (RVFW) during the first 10 days of life hi neonatal pigs. Faster growth was associated with proportional increases in total RNA and messenger RNA. These findings indicated that greater capacity for protein synthesis was a major factor hi accelerated growth. Despite faster growth, heart content of ribosomal subunits was higher in piglets than in 60 -day-old pigs or adult rats, suggesting a relatively slower rate of peptide chain initiation than elongation. When hearts from 5-day-old pigs were perfused in vitro, protein synthesis was more rapid in the LVFW than hi the RVFW. In the absence of added insulin, the higher rate was due to both greater efficiency and greater capacity for protein synthesis. In the presence of the hormone, greater capacity was responsible for the increased rate of protein synthesis in the LVFW as compared with the RVFW. (Circulation Research 1989;64:360-369)
I dentification of the biochemical mechanisms controlling protein synthesis in growing hearts is facilitated by an experimental model in which rapid growth occurs and allows for sensitive assessment of new protein formation. This condition pertains in the neonatal period, when the left ventricle grows at a faster rate than the right ventricle. After birth, changes in the neonatal circulation occur that result in increased aortic pressure and imposition of a greater work load on the left ventricle. 1 These circulatory changes have been suggested to be the stimulus for the faster growth seen in the developing left ventricle. 23 This suggestion is supported by studies in the adult rat heart, in which stretch of the ventricular wall is the mechanical condition most closely linked to faster protein synthesis and more rapid ribosome formation. 4 The mechanism of cardiac enlargement secondary to an increased work load depends on the age of the animal and the mitotic potential of the tissue. 3 -7 Morphometric, histologic, and autoradiographic studies suggest that during fetal life hyperplasia predominates, but that after birth, cell division stops within the first month and hypertrophy of muscle cells is the major contributor to rapid growth. 8 Particularly in primate and porcine hearts, 910 binucleation" and polyploidy accompany hypertrophy even in later life in response to an imposed work load.
The present experiments were undertaken to test the hypothesis that faster growth of the left ventricle as compared to the right ventricle is due to greater capacity for protein synthesis as indicated by content of total RNA. Rigorous measurements of the rate of protein synthesis are feasible in neonatal pig hearts because they are small enough to use for in vitro perfusion, 12 but large enough to provide sufficient tissue to study the slower growing right ventricle, which serves as an intraorgan control to account for variability in animal size, nutritional state, and response to in vitro perfusion. In vivo measurements of messenger RNA (mRNA), RNA, DNA, protein, and ribosomal subunit contents in the right ventricular free wall (RVFW) and left ventricular free wall (LVFW), together with determinations of rates of total protein synthesis and ribosomal subunit content in Langendorff preparations perfused with buffer containing 5 mM glucose, 5 mM lactate, 0.57 mM [ M C]phenylalanine, and normal plasma concentrations of 19 other amino acids, confirmed the hypothesis that the faster rate of protein synthesis in the LVFW was mainly the result of an increased capacity for protein synthesis. In these studies, rates of protein synthesis were calculated using the specific radioactivity of perfusate phenylalanine. This approach was valid because the specific radioactivity of phenylalanyl-transfer RESERVOIR FOR PRELIMINARY PERFUSION FIGURE 1. Apparatus for perfusion of hearts from 5-day-old pigs. Aorta was cannulated and retrograde perfusion was begun from a reservoir whose upper end was 81 cm above heart. During 5-minute preliminary perfusion, pulmonary artery was cannulated and buffer was pumped through it by the heart into an overflow reservoir 25 cm above heart. This buffer was discarded. Hydrostatic pressures provided by fluid columns acting on aorta and pulmonary artery were 60 and 20 mm Hg, respectively. These pressures simulated the mean aortic and pulmonary artery pressures found in vivo. 12 During 60 or 120 minutes of subsequent perfusion, 100 ml of buffer was recirculated by a peristaltic pump into an overflow reservoir 81 cm above heart. Flow of buffer from reservoir for preliminary perfusion was stopped when recirculation of buffer was begun and overflow from aortic and pulmonary reservoirs to heart chamber was initiated.
RNA (tRNA) was 92.5% of the phenylalanine specific activity in the perfusate.
Materials and Methods

Animals
Pigs that were 1, 5, 10, and 60 days of age were obtained from a local commercial breeder. Neonatal pigs were separated from the sow and delivered to the animal facility for use within 6 hours of their arrival. Fetal pigs were obtained from a gravid sow at 102 days gestation (0.9; total gestation, 113 days), as described by Werner et al. 12 Male rats (Sprague Dawley strain, 300 g; Charles River Breeding Laboratories, Wilmington, Massachusetts) were fed ad libitum until killed. Before excision of hearts, newbom pigs and adult rats were heparinized with 40 mg sodium heparin/kg body wt i.p. and anesthetized with sodium pentobarbital (40 mg/kg body wt i.p.). In 60-day-old pigs, the anesthetic was given intravenously (20 mg/kg body wt). When 5-day-old pigs were fed in the laboratory, they were given 80-100 ml of commercial formula (Nursing Melk, Cadco, Des Moines, Iowa) orally in two feedings, 60 and 30 minutes before death.
Analysis of Ribosomal Subunits and RNA, DNA, and Protein Content
Pig hearts were excised, opened, and rinsed in 0.9% NaCl (2° C) and gently blotted dry. Atria, great vessels, and fibrous, valvular, and fatty tissues were removed, and the ventricular mass was divided into LVFW, RVFW, and septum. All tissue was frozen and stored in liquid nitrogen except for tissue used for determination of ribosomal subunit content, which was processed immediately.
RNA analysis was performed with the method of Munro and Fleck. 13 Briefly, the frozen tissue was weighed and homogenized in 0.5N perchloric acid with a Teflon pestle. After centrifugation, the pellet was washed three times with the same solution. The pellet was dissolved in 0.3N NaOH and incubated at 37° C for 1 hour. After reprecipitation with acid, the optical density of the supernatant was measured at 260 nm for estimation of RNA. The precipitate was used for DNA analysis by washing with cold 0.2N perchloric acid followed by hydrolysis with IN perchloric acid at 70° C for 25 minutes. DNA content was estimated from its absorbance at 268 and 284 nm by the method of Tsanev and Markov. 14 Colorimetric determination of DNA content with the method of Burton 15 was also performed and gave values that were approximately 73% of those obtained from the two-wavelength method. A similar discrepancy between the DNA values obtained by these methods has been reported by other investigators. 16 Protein content was determined by the method of Lowry et al, 17 with bovine serum albumin (Fraction V, United States Biochemical, Cleveland, Ohio) as the standard.
When content of ribosomal subunits was measured, fresh heart tissue was minced with scissors and homogenized in 5 volumes of a buffer containing 0.25 M KC1, 10 mM tris(hydroxymethyl)aminomethane (Tris) (pH 7.4), and 2 mM MgCl 2 using a Dounce homogenizer. 18 Homogenates were centrifuged for 10 minutes at 12,000f (4° C). The supernatant was aspirated and Triton X-100 (final concentration 0.3%) was added. An aliquot was layered on an exponential sucrose gradient (0.44-2.0 M) prepared in the tubes of an SW41 rotor (Beckman Instruments, Fullerton, California). Gradients were spun for 15 hours at 40,000 rpm at 4° C. Portions of the gradient containing 40S and 60S subunits were collected by monitoring optical density profiles at 254 nm with a density gradient fractionator (model 640, Isco, Lincoln, Nebraska). RNA content of the subunit peaks was estimated with the method of Munro and Fleck. 13 
Heart Perfusion
For measurements of rates of protein synthesis, ATP and creatine phosphate (CrP), and phenylalanyltRNA specific radioactivity, hearts were perfused as modified Langendorff preparations ( Figure 1 ) with Krebs-Henseleit bicarbonate buffer (pH 7.4), equilibrated with oxygen and carbon dioxide (95:5, vol/ vol) at 37° C. Buffer used for the preliminary perfusion contained 118 mM NaCl, 4.7 mM KC1, 1.2 mM MgSO 4 , 1.2 mM KH 2 PO,, 3.0 mM CaCl 2 , 0.5 mM EDTA, 25 mM NaHCO 3 , 5 mM glucose, and 0.57 mM phenylalanine. Buffer that was recirculated through the heart also contained 5 mM lactate, 0.2% bovine serum albumin (Fraction V, United States Biochemical), 1.7xlO~7 M porcine insulin (where indicated), and normal serum concentrations of the other 19 amino acids (Table 1) . Heparin (0.01 mg/ml) was added to the buffer used for preliminary perfusion. After 5 minutes of preliminary perfusion, 100 ml of buffer was recirculated through the heart for an additional 60 or 120 minutes. For the 125-minute perfusions, 1-50 ml of fresh buffer was added at 55 minutes and recirculated to mix with the original perfusate. The purpose of this addition was to maintain glucose and lactate availability during the final hour of perfusion. At 60 minutes, 150 ml of perfusate was removed. Pressures in the aortic and pulmonary artery cannulae were monitored at the level of the hearts using pressure transducers (model P23-ID, Gould, Cleveland, Ohio). Hearts used for determination of ATP and CrP contents and phenylalanyltRNA specific radioactivity were clamped, while still being perfused, between aluminum blocks cooled in liquid nitrogen. ATP and CrP contents were determined spectrophotometrically by grinding the frozen heart tissue with frozen 0.5N perchloric acid in a liquid nitrogen-cooled mortar as described earlier. 19 The supernatant of the thawed mixture was neutralized with 2 M KHCO 3 and analyzed enzymatically as described earlier. 19 Relative rates of glucose utilization in the presence and absence of insulin were measured by monitoring 
RNA Extraction and mRNA Content
RNA was extracted as described by Rosen and Monahan. 21 Briefly, frozen heart (500 mg) was powdered at liquid nitrogen temperature and added to 8 ml of water-saturated phenol and 8 ml of homogenization buffer containing 0.5% sodium dodecyl sulfate, 25 mM EDTA (pH 8.0), and 7.5 mM NaCl. This mixture was homogenized with a Polytron (Brinkman Instruments, Westbury, New York) for 20 seconds and shaken for 15 minutes at room temperature, and the aqueous phase was extracted three times with 8 ml of chloroform and isoamyl alcohol (24:1, vol/vol). The final aqueous phase was made 0.2 M with sodium chloride, and 2.2 volumes of ethanol were added. Nucleic acids were precipitated overnight at -20° C. Total RNA content of the extracted nucleic acids was determined by alkaline hydrolysis. 13 Purity of RNA samples was assessed before analytical procedures by determination of the ratio of absorbance at 260-280 nm. Values of 2.0 were required prior to further use of extracted RNA.
An aliquot of the extracted RNA was resuspended in sterile water and used for the determination of messenger RNA content by the method of Zahringer et al. 22 In brief, polyadenylic acid of 100 nucleotide length was obtained by sizing Poly A )00 (Midland Certified Reagent, Midland, Texas) on a 5% polyacrylamide gel that was run at 150 V for 3.3 hours with denatured DNA standards. Polyadenylic acid that comigrated with the 100 nucleotide chain length standard was electrotransferred in 0.12 M sodium phosphate (pH 6.9) to mRNA affinity paper (Hybond-mAP, Amersham, Arlington Heights, Illinois) by use of the Biorad Trans Blot System, and eluted as described by Wreschner and Herzberg. 23 This polyadenylic acid was quantified spectrophotometrically at 260 nm and used as a standard. Increasing amounts of the polyadenylate standard and aliquots of extracted heart RNA were hybridized with poly H]uridylic acid (Amersham) at 37° C for 45 minutes in 14.5 mM Tris (pH 7.0), 300 mM NaCI, and 30 mM sodium acetate. Unhybridized nucleic acid was digested with DNase 1 and RNase A at 30° C for 30 minutes. Hybrids were precipitated with 10% trichloroacetic acid (TCA) and collected on nitrocellulose filters. Filters were washed with cold 10% TCA, dissolved in 7.5 ml of scintillation fluid (Filtron-X, National Diagnostics, Manville, New Jersey), and counted. Values for radioactivity in heart RNA samples were converted to poly(A) values by use of a standard curve generated from the polyadenylic acid standards.
Poly(A) Tail Length Determination
Total RNA was extracted and precipitated as described above. Samples were suspended in homogenation buffer and extracted a second time with phenol, chloroform, and isoamyl alcohol (25: 24:1, vol/vol/vol). During this second phenol extraction, the mixture was heated to 60° C for 1 minute and passed through a 21-g needle into a sterile syringe to shear any double-stranded DNA present. Polyadenylated mRNA was isolated by elution from oligothymidylic acid-cellulose columns and ethanol precipitation. 21 Digestion of the mRNA to leave only the undigested poly(A) tails was performed as described by Negruk et al. 24 Briefly, mRNA in sterile water was heated to 100° C for 3 minutes; salts were added to yield final concentrations of 0.3 M NaCI, 0.02 M EDTA, and 0.02 M Tris-acetate (pH 7.6). After addition of 3 MI of RNase Tl (5,000 U/ml), 3 ^,1 RNase A (4.7 mg/ml), and 5 nl of DNase (5 mg/ml), each sample was incubated at 37° C for 60 minutes. The reaction mixture was heated to 100° C for 3 minutes, and a second digestion was performed with the same amounts of the three enzymes for 30 minutes at 37° C. Twenty-five microliters of 10% sodium dodecyl sulfate was added. The poly(A) tails were extracted twice with a mixture of phenol, chloroform, and isoamyl alcohol and isolated with mRNA affinity paper (Amersham) as described by Werner et al. 25 The 5' terminal phosphates of the isolated poly(A) tails and DNA molecular weight markers were removed by dephosphorylation in 10 mM Tris-HCl and 30 mM NaCI with 125 units of bacterial alkaline phosphatase by incubation at 65° C for 60 minutes. The 5' ends of the extracted and reprecipitated nucleic acids were labeled with [y-32 P]ATP using T4 polynucleotide kinase as described by Maxam and Gilbert. 26 Samples were dissolved in 60 mM Tris-HCl (pH 7.8), 15 mM 2-mercaptoethanol, and 10 mM MgCl 2 . T4 polynucleotide kinase (5 units) and [y- 32 P]ATP were added, and the reaction mixture was incubated at 37°C for 30 minutes. Labeled nucleic acids were recovered by ethanol precipitation and run under denaturing conditions on a 5% polyacrylamide gel.
Estimation of the Rate of Protein Synthesis
Rates of protein synthesis were estimated by measurement of incorporation of [ M C]phenylalanine into total heart protein. Radioactivity (0.1 /iCi/ml) was added to the recirculation buffer after 5 minutes (first-hour rates) or 65 minutes (second-hour rates) of perfusion. Incorporation of [ M C]phenylalanine was measured over the next 60 minutes. Heart portions were homogenized in cold 5% perchloric acid. The pellet was heated with 5% perchloric acid containing 1 g/1 unlabeled phenylalanine in a boiling water bath for 15 minutes and washed twice with 5% perchloric acid containing 1 g/1 phenylalanine. The pellet was dissolved in IN NaOH and incubated at room temperature for 1 hour. Protein was reprecipitated with 6N HCI and washed once with 95% ethanol; twice with ethanol, chloroform, and ether (3:2:1, vol/vol/vol); and twice with ether. Samples of the dried pellet weighing 3-10 mg were dissolved in NCS tissue solubilizer (Amersham). Scintillation fluid (Econofluor, Du Pont, Wilmington, Delaware) was added, and the radioactivity was determined with a scintillation spectrometer.
For determination of the specific radioactivity of phenylalanine in the perfusate, protein was precipitated with 5-sulfosalicylic acid (3.5%) and the acid supernatant was adjusted to pH 2.2 with lithium citrate buffer. Concentration of phenylalanine was determined by amino acid analysis (model 119, Beckman Instruments) by use of a citrulline internal standard. Radioactivity in the acid supernatant was determined with a scintillation spectrometer.
Aminoacyl-tRNA Extraction, Purification, and Specific Activity
Hearts were perfused as described above with 25 /iCi/ml of L-(2,6-3 H) phenylalanine for 60 minutes. Extraction and purification of aminoacyl-tRNA were carried out exactly as described by McKee et al. 27 For determination of phenylalanine specific activity, a modification of the dansyl chloride [Dns(5-dimethylaminonaphthalene-1 l-sulfonyl)-Cl] (Dns-Cl) method reported by McKee et al 27 was used. Amino acid residues resulting from the deacylation of tRNA were isolated from approximately 4 g of ventricular tissue and dissolved in 0.1 ml of glass-distilled water. Dns-Cl (2 jxmol/ml) (Sigma Chemical, St. Louis, Missouri); [7V-methyl- 14 C]Dns-Cl (50 AiCi/ml) (Amersham) was added, and the mixture was incubated for 30 minutes (30° C) in the dark. Salts and Dns-OH were precipitated with 1 ml of acetone and removed by centrifugation for 2 minutes in a microcentrifuge (Eppendorf, Beckman Instruments). Supernatants were decanted, dried in an evacuated centrifuge (Savant Instruments, Farmingdale, New York), and dissolved in 10 fjd of 50% pyridine. Five microliters was applied to a 7.5-cmxl5-cm micropolyamide sheet (Schleicher & Schuell, Keene, New Hampshire) and dried with warm air. Perfusate samples (100 /il) were processed by addition of 10 fil of 2. Results are presented as the mean±SEM. Statistical differences were evaluated with Student's t test and were considered significant when p<0.05.
If more than two means were compared, the Bonferroni correction was employed where indicated.
Results
When hearts were obtained from fetuses at 0.9 gestation, there were no differences in wet weight (g), total protein (mg/heart portion), RNA content (mg/g dry heart), total RNA (mg/heart portion), DNA content (mg/g dry heart), total DNA (mg/ heart portion), or RNA/DNA or protein/DNA ratios between the RVFW and the LVFW ( Table 2 ). The rate of growth of the LVFW (0.51 g wet wt/day) from 1 day post partum to 10 days post partum was approximately 3.2 times greater than that of the RVFW (0.16 g wet wt/day). The rate of total protein accumulation over this period in the LVFW (75.7 mg protein/day) was 3.5 times greater than that of the RVFW (21.9 mg protein/day). Changes in the septum were intermediate.
RNA content (mg/g dry heart) decreased after birth, but remained higher in the LVFW at 1 and 5 days post partum when compared with the RVFW. Ten days after birth there was no difference between the RNA contents of the LVFW and RVFW, but both values continued to decrease with age to 6.5±0.2 and 6.7±0.3 (mean±SEM, n=8) in the 60-day-old pig. After birth, total RNA (mg/heart portion) increased in these parts of the ventricles. Over the first 10 days after birth, a 3.3-fold greater increase in total RNA was observed in the LVFW (1.0 mg RNA/day) than in the RVFW (0.3 mg RNA/day). These findings indicated that wet weight, total protein, and total RNA increased proportionately and suggested that faster growth of the LVFW was due to the presence of more ribosomes, as indicated by total RNA content.
DNA content (mg/g dry heart) was highest at 0.9 gestation and equal in all parts of the heart. At 1 day post partum, DNA content had decreased in all heart portions and was lower in the RVFW than in the LVFW. Over the next 9 days, DNA content decreased more rapidly in the LVFW than in the RVFW. At 2 months, the DNA content was 6.47± 0.31 and 6.31 ±0.43 mg/g dry heart in the RVFW and LVFW, respectively. Total DNA increased in all parts of the heart with time, but increased more rapidly in the LVFW than in the RVFW, probably reflecting the greater mass of the LVFW and the associated number of nonmuscle cells.
The RNA/DNA ratio was equal at 0.9 gestation in all heart portions. This ratio remained constant in the RVFW during the first 10 days of life, but increased in the LVFW, becoming greater than in the RVFW at 5 and 10 days post partum. The protein/DNA ratio remained unchanged in the RVFW after birth, but increased 56% from 1 day post partum to 10 days post partum in the LVFW. The increase in the protein/DNA ratio indicated that hypertrophy of muscle cells is an important component of neonatal cardiac growth.
Relative rates of peptide chain initiation and elongation in the neonatal pig heart were assessed by measurement of the percentage of total RNA in ribosomal subunits (Table 3 ). Ribosomal subunit content was 26% higher in the RVFW than in the LVFW of the unperfused 5-day-old pig, suggesting that fewer ribosomes were actively involved in protein synthesis in the RVFW than in the faster growing LVFW. These percentages of RNA in ribosomal subunits were 2.3 and 1.8 times higher for the RVFW and LVFW, respectively, than those found in the fed adult rat myocardium (8.7±0.7% of total RNA, n=8) and the respective heart portions of the 60-day-old pig (Table 3 ). These findings indicate that peptide chain initiation is slow relative to the rate of chain elongation in the myocardium of the young pig as compared with older animals.
Treatment of 5-day-old pigs with intraperitoneal insulin and glucose 1 hour before sacrifice reduced the ribosomal subunit content in all parts of the heart (Table 3) . Feeding of the animals prior to sacrifice decreased ribosomal subunit content significantly only in the septum. These results indicate that insulin treatment could achieve the same balance between rates of peptide chain initiation and elongation in newborn pigs as in older animals.
The percent of total RNA present as mRNA was determined to assess whether mRNA availability was a limiting factor in peptide chain initiation in piglet myocardium and, specifically, in the RVFW. There was no difference between the percentage of total RNA that was present as mRNA in the LVFW as compared with the RVFW of the 5-day-old pig. Treatment in vivo with insulin and glucose did not increase the percentage of total RNA that was present as mRNA. The percentage of total RNA as mRNA in the LVFW of the 60-day-old pig was 25% less than that in the LVFW of the 5-day-old pig, despite the fact that a higher percentage of total RNA was present in ribosomal subunits in the younger animal. These results indicated that mRNA availability increased in proportion to total RNA during rapid growth of the left ventricle and that the relatively slower rate of peptide chain initiation in the RVFW is not accounted for by decreased mRNA content. A possible explanation for a lack of change in the percentage of total RNA as mRNA in the LVFW as compared with the RVFW was that mRNA in the RVFW had a longer poly (A) tail. Similarly, the apparently higher mRNA content in piglet heart as compared with pigs 60 days of age could have been explained if the poly (A) tail length was longer in the younger animal. When poly (A) tails were cleaved from mRNA and the 5' ends were labeled with [•y-32 P]ATP, no apparent differences in tail length were detected (data not shown).
The next series of experiments was undertaken to determine whether the different rates of growth in the LVFW and RVFW were reflected in rates of protein synthesis when the piglet heart was perfused in vitro and whether the insulin effect on the content of ribosomal subunits in vivo would result in faster protein synthesis in the isolated perfused hearts. To achieve these aims, rates of total protein synthesis were measured during the first and second hours of perfusion in the presence and absence of insulin (Table 4) . These rates were calculated using the specific radioactivity of perfusate phenylalanine, but the specific activity of tRNA-bound phenylalanine in hearts perfused for 65 minutes was 92.5±0.2% (/J=6) of the perfusate phenylalanine specific activity. This finding suggested that near equilibration existed between the specific activities of perfusate phenylalanine and phenylalanyl-tRNA and justified the use of perfusate phenylalanine specific activity in the calculation of rates of protein synthesis. During the first hour of perfusion in the absence of insulin, the rate of protein synthesis was two times greater in the LVFW than in the RVFW of the 5-day-old pig. This faster rate of protein synthesis was due to a 52% greater efficiency of protein synthesis (nmol phenylalanine/mg RNA/hr) and a 26% greater capacity (mg RNA/g dry heart) in the LVFW than in the RVFW. There was no difference in the content of ribosomal subunits in these heart portions, suggesting that both initiation and elongation of peptide chains were proportionally slower in the RVFW. Addition of insulin during the first hour of perfusion was associated with a 40% increase in the rate of protein synthesis in the RVFW, a 48% greater efficiency of protein synthesis, and a 32% reduction in the ribosomal subunit content of the RVFW. With addition of insulin, the rate and efficiency of protein synthesis and ribosomal subunit content in the LVFW were unchanged during the first hour. During the first hour of perfusion, insulin increased glucose uptake by the heart from 1.46+0.58 (n=3) to 3.6±0.54 (n=3) fitnol glucose/g dry heart/min. During the second hour of perfusion in the absence of insulin, the rates and efficiencies of protein synthesis and ribosomal subunit contents were unchanged as compared with the first hour of perfusion without addition of the hormone. Provision of insulin decreased the ribosomal subunit content in the RVFW and LVFW by 36% and 23%, respectively, during the second hour, but the rate and efficiency of protein synthesis were unchanged in either heart portion. These findings suggest that the balance between rates of initiation and elongation of peptide chains favored more rapid initiation but an unchanged rate of elongation with hormone addition during the second hour of perfusion.
ATP content (^mol/g dry heart) at 65 and 125 minutes of perfusion was 21.2±1.3 and 19.9±0.8, respectively, and did not differ from that of hearts that underwent 5 minutes of preliminary perfusion (21.8±0.4). Creatine phosphate content (/imol/g dry heart) was also maintained after 65 and 125 minutes (23.0±2.0 and 26.0±0.8, respectively) when compared with results after 5 minutes of preliminary perfusion (20.8±1.0). These values were similar to those reported for perfused neonatal pig hearts by Werner etal. 12 
Discussion
The early postnatal heart responds to an increased work load with enlargement characterized by an increase in both number and size of its muscle cells, as opposed to the adult myocardium, which responds only by muscle cell hypertrophy. 6 Sequential phases of growth in the rat myocardium have been described as 1) a hyperplastic phase, 2) a transitional phase during which binucleate cells become prominent, and 3) a hypertrophic phase in which there is little increase in myocardial DNA. 28 Morphometric studies have shown that during the first 11 days of life in the rat heart, growth of the left ventricle shows significant muscle cell hyperplasia that is not seen in the right ventricle. Muscle cell hypertrophy was observed in both the right and left ventricle and was considered to be secondary to an increase in the volume of cytoplasm per nucleus and to accumulation of binucleate cells; however, average myocyte hypertrophy and binucleation were not significantly different in the muscle cell populations of the right and left ventricles. 8 The amount of multinucleated cells and polyploid nuclei may also change in response to an increased ventricular work load, even in adult tissue, suggesting that reactivation of DNA synthesis may play a role in adult cardiac enlargement. High levels of polyploidy have been observed in hypertrophic human hearts, 29 - 30 and the onset of DNA synthesis has been demonstrated in adult pigs 10 and 25-day-old rats 31 after aortic banding. Initially after birth the RNA and DNA contents of the pig LVFW were greater than those of the RVFW (Table 2) . By 5 days post partum, the RNA/DNA and protein/DNA ratios were greater in the LVFW than in the RVFW, suggesting that a greater degree of both hyperplasia and hypertrophy were occurring in the more rapidly growing LVFW than in the RVFW. Morphometric studies of the muscle cell and nonmuscle cell populations are needed to validate this conclusion because the nonmuscle cells are more numerous and their numbers have a large effect on accumulation of DNA and the protein/DNA ratio.
The greater RNA content in the LVFW of the young pig reflects a greater capacity for protein synthesis in the LVFW than in the slower growing RVFW, and the increase in the total protein of each heart portion paralleled the change seen in total RNA. Even in the RVFW, the RNA and DNA contents are greater than in the adult heart, suggesting that the capacity for protein synthesis is elevated in the young animal to keep up with rapid growth of the entire organism.
Rates of protein synthesis measured in vitro (Table 4) and net protein accumulation measured in vivo (Table 2 ) were used to estimate whether rates of protein degradation were different in the LVFW and RVFW. It is assumed in these estimations that the synthesis rate measured at 5 days during the first hour of in vitro perfusion in the presence of insulin reflected the average in vivo rates between 1 and 10 days of life. It also is assumed that pig heart protein contains 280 nmol phenylalanine/mg protein as found in rat heart protein. 32 Using the rates of protein synthesis (Table 4 ) and net growth of the LVFW and RVFW (Table 2) , rates of protein degradation were calculated. These values were approximately the same in the LVFW and RVFW. These calculations support the conclusion that faster net growth of LVFW was accounted for by faster protein synthesis.
The difference between rates of growth of the LVFW and the RVFW may be interpreted to be the result of the increased work load selectively imposed on the left ventricle. In the fetal lamb during the latter half of gestation, the right ventricle ejects about 60-65% of the combined ventricular output and the left ventricle, ejects only 35-45%, but the end-diastolic pressures in the ventricles and systolic and diastolic pressures in the aorta and pulmonary artery are equal up to 0.9 gestation; after that time, the pulmonary artery pressure may be slightly higher due to constriction of the ductus arteriosis. 1 After lung expansion and clamping of the umbilical cord at birth, the peak systolic pressures in the left ventricle and the systemic vascular resistance rise, while the right ventricular pressure, pulmonary artery pressure, and pulmonary vascular resistance decrease. 2 The increased work load resulting from these circulatory changes are considered the stimulus for the more rapid growth of the LVFW. These changes presumably result in stretch of the ventricular wall, the mechanical parameter most closely linked to faster protein synthesis and more rapid ribosome formation in adult rat hearts. 4 When ventricular pressure development was prevented by ventricular draining in adult rat hearts, protein synthesis increased to the same extent in drained and control hearts as aortic perfusion pressure was raised from 60 to 120 mm Hg. 4 Under these conditions, the ventricular wall was stretched by engorgement of the vascular bed, the so-called garden hose effect. If the garden hose effect resulting from an increased aortic pressure at birth was solely responsible for increased growth of the developing heart, equal growth of the RVFW and LVFW would be expected since the vascular supply to each heart portion originates from the aorta. However, intraventricular pressure also affects the rate of protein synthesis. Studies using tetrodotoxin-arrested hearts in which aortic pressure was maintained at 60 mm Hg and the left ventricle was exposed to an intraventricular pressure of either 0 or 25 mm Hg showed that stretch of the left ventricle as a result of increased intraventricular pressure accelerated myocardial protein synthesis. 33 In the developing heart, the increase in left ventricular pressure may result in selective stretch of the LVFW, partial stretch of the septum (which is opposed on the right ventricular side by the right ventricular pressure), and minimal stretch of the RVFW, resulting in the spectrum of growth seen in vivo and in vitro in the different heart portions.
Ribosomal subunit content, a reflection of the percentage of ribosomes not actively engaged in protein synthesis, was high in all portions of the newborn pig heart when compared with the 60-day-old pig or adult rat heart. This result was opposite to that expected for the rapidly growing neonatal heart. The explanation for these findings is unknown but could involve reduced circulating levels of insulin that resulted in inhibition of peptide chain initiation, as well as starvation-induced inhibition of peptide chain inititation, a phenomenon seen in skeletal muscle but not in adult heart muscle because of stimulation of peptide chain initiation by palmitate and circulating noncarbohydrate substrates. 34 However, an overnight fast reduced RNA content and resulted in lower rates and efficiency of protein synthesis and a block in peptide chain initiation when rat hearts were perfused in vitro and supplied glucose as oxidizable substrate. 35 Provision of pyruvate in the perfusate of these hearts increased the rate and efficiency of protein synthesis in fasted but not fed tissue and partially overcame the block in peptide chain initiation in both groups. 35 Increased plasma glucocorticoids are thought to be involved in accumulation of ribosomal subunits observed in skeletal muscle during starvation. 36 The young pigs used in these experiments were with their mother until no more than 5 hours prior to death, but because of the small energy stores of these young animals, a starvationinduced inhibition of peptide chain initiation could have occurred. Feeding the animals did not reduce the ribosomal subunit content significantly in the RVFW and LVFW, although a decrease was seen in the septum (Table 3 ). These findings suggest that starvation may have played a minor role in the high subunit contents seen in the young pig in vivo. The lowering of ribosomal subunit content to levels seen in the adult rat and pig hearts after treatment with insulin and glucose suggests that ample mRNA is available to allow the ribosomal subunits to appear as polysomes, but does not eliminate the possibility of an insulin-deficient state, relative insulin resistance of the neonatal myocardium, or increased levels of circulating glucocorticoids. The ribosomal subunit content in vivo was lower in the LVFW than in the RVFW, suggesting that more efficient protein synthesis and less restraint of peptide chain initiation occurred in the faster growing LVFW. The most likely explanation for this finding is that stretch of the ventricular wall resulting from an increased aortic and intraventricular pressure caused the formation of an intracellular signal that accelerated peptide chain initiation. 4 -33 Future studies will be undertaken to assess rates of ribosome formation in the LVFW and RVFW, to define the mechanical condition most closely linked to faster growth, and to identify the intracellular signal mediating this effect.
